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Heat shock protein-70 repairs proximal tubule structure after that participates in repair processes and may protect
renal ischemia. specific cellular structures against subsequent injury [1].
Background. Recent studies have suggested a role of heat A hallmark of renal ischemic injury is the dissociation
shock protein (HSP)-70 in cytoskeletal repair during cellular
of Na,K-ATPase from its cytoskeletal anchorage, fol-recovery from renal ischemia. The aim of this study was to test
lowed by relocation into the apical membrane domainthe hypothesis that HSP-70 interacts in vitro with cytoskeletal
elements obtained from rat renal cortex during early reflow in the proximal tubule cell [2]. This transient loss of
after renal ischemia. tubule cell polarity explains the partially reversible clini-
Methods. Cellular proteins were fractionated into cytoskele- cal sequel such as renal sodium loss and reduced glomer-
tal pellets and noncytoskeletal supernatants by Triton X-100 ular filtration caused by tubuloglomerular feedback [1, 3].extraction of rat renal cortex obtained after 15 minutes or 18
Recent research suggests that the 70 kD heat shockhours of reflow after 45 minutes of renal ischemia, or from
proteins (HSP-70) are involved in the restoration of thecontrols. Aliquots of isolated pellets were coincubated with
aliquots of isolated supernatants in different combinations. A cytoskeletal anchorage of Na,K-ATPase [4, 5]. HSP-70
repeat Triton extraction was performed, and differential distri- is known to bind to nascent and immature proteins, and
bution of Na,K-ATPase or HSP-70 was assessed by Western to prevent premature and improper binding and folding.
blots and densitometric analysis.
This participation in the translocation and assembly ofResults. Coincubation of cytoskeletal pellets obtained dur-
proteins is described as molecular chaperoning. Molecu-ing early reflow after renal ischemia (exhibiting severe injury
lar chaperons play a major role in the post-translationalof the cytoskeletal anchorage of Na,K-ATPase) and noncyto-
skeletal supernatant obtained during later reflow (showing high repair processes [6, 7]. Renal ischemia in vivo has been
HSP expression) resulted in specific translocation of HSP-70 shown to induce rapidly the expression of HSP-70 with a
from the supernatant into the pellet, functionally associated pattern of cellular localization that relates to dissociated
with dose-dependent stabilization of Na,K-ATPase within this
cytoskeletal elements during recovery of the proximalcytoskeletal fraction. These effects could be reproduced by incu-
tubule cell [4].bation with purified HSP-70 and were abolished by the addition
Using in vitro modifications of its chaperon function,of anti–HSP-70 antibodies.
Conclusion. These data support the hypothesis that HSP- we recently demonstrated that enhanced activity of HSP-
70 interacts with cytoskeletal elements during the restoration of 70 resulted in an in vitro stabilization of Na,K-ATPase
proximal tubule cell structure and polarity after renal ischemia. in a cytoskeletal subfraction [5]. In different subcellularThis experimental approach represents a new in vitro assay to
systems, similar effects of HSP-70, resulting in reactiva-study further the role of HSP in cellular repair.
tion of isolated denatured proteins, have been recently
described [8, 9].
The aim of this study was to test further the hypothesisRenal ischemia not only disrupts cellular homeostasis
that ischemia-induced HSP-70 interacts in vitro with cy-and causes injury, but also induces a cellular stress response
toskeletal elements and stabilizes Na,K-ATPase in the
cytoskeletal fraction of ischemic rat renal cortex.
This study describes an in vitro repair system, basedKey words: cytoskeleton, Na,K-ATPase, detergent extraction, cellular
repair, injury, apical membrane domain, renal cortex. on coincubation of cellular protein fractions isolated by
Triton extraction from rat renal cortex at different reflowReceived for publication October 19, 1999
times after in vivo renal ischemia. Incubation of theand in revised form July 6, 2000
Accepted for publication July 11, 2000 injured cytoskeletal fraction, isolated in the Triton-insol-
uble pellet at early reflow, in a HSP-rich noncytoskeletalÓ 2000 by the International Society of Nephrology
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fraction, isolated in the Triton-soluble supernatant at protein concentrations as in SUPs (4 to 6 mg/mL). Five
hundred microliter aliquots of each subsequently de-late reflow, resulted in (1) stabilization of Na,K-ATPase
scribed PEL and 1 mL aliquots of each subsequentlywithin the cytoskeletal fraction, (2) specific translocation
described SUP were saved at 2708C.of HSP-70 into this cytoskeletal fraction, and (3) a dose–
response relationship between these two effects [4].
Definition of fractionsThese effects could be reproduced by purified HSP-70
C-SUP and C-PEL. These fractions, obtained fromand were abolished by anti–HSP-70 antibodies.
control animals, exhibited low amounts of HSP-70 and
a normal cytoskeletal anchorage of Na,K-ATPase with
METHODS low Triton extractability [5].
Animal procedures I-SUP and I-PEL. These fractions, obtained at early
reflow (15 minutes reflow after 45 minutes ischemia),All experiments were performed in male Sprague-
exhibited similar low amounts of HSP-70 as controls andDawley rats weighing 225 to 300 g anesthetized by 80
severely injured cytoskeletal anchorage with markedlymg/kg intraperitoneal thiobutabarbital sodium. Temper-
increased Triton extractability of Na,K-ATPase [5].ature was rectally monitored and sustained at normal
R-SUP and R-PEL. These fractions, obtained fromvalues on a warming board throughout the anesthesia
renal cortex at late reflow (18- to 20-hour reflow after 45period. A polyethylene catheter was secured in an exter-
minutes ischemia), exhibited markedly increased HSP-70nal jugular vein, and 5 mL 0.9% saline was administered,
abundance and normalized Triton extractability of Na,K-followed by an infusion of 1 mL/hour. The abdomen was
ATPase.opened by a median incision, and kidneys were exposed
Whereas the abundance of HSP-70 was more thanand, if macroscopically normal, carefully dissected. After
tenfold (range 11 to 19) increased at the late reflow stage,anticoagulation with 125IE heparin, bilateral renal ische-
the total amount of Na,K-ATPase was equivalent in allmia was accomplished by selective occlusion of the right
treatment groups [5]. To minimize for interindividualrenal artery and aorta just proximal to the left renal artery.
variability, each R-SUP was pooled from three animalsAfter 45 minutes, the clamps were removed, and reperfu-
(resulting in uniformly increased HSP-70 levels of aboutsion visually confirmed. After reflow intervals of 15 min-
15-fold control). As each R-SUP was used for duplicateutes, the kidneys were rapidly removed in one set of
experiments, three (in some experiments four) differentanimals (I). In another set of animals (R), the abdominal
groups of pooled tissues were prepared.incision was sutured, and the rats were allowed free
access to food and water after recovery from anesthesia. Incubation procedures
The next day, after 18 to 20 hours of reflow, anesthesia Five hundred microliter aliquots of isolated PEL were
was repeated, and kidneys were rapidly harvested. Non- thawed on ice in 1 mL of isolated SUP aliquots, resulting
ischemic control kidneys were obtained from animals in the same concentration ratios of Triton-soluble and
(C) immediately after the induction of anesthesia. After -insoluble proteins in the resuspended protein mixture
the protocol, animals were sacrificed by intracardial KCl. as in the original homogenates (Fig. 1). After thawing,
the mixture was repeatedly resuspended and kept for 20Cellular protein fractionation
minutes at room temperature. Differential centrifuga-
Kidneys were decapsulated on ice, and renal cortex was tion was then repeated with 35,000 3 g for 15 minutes
isolated and homogenized in chilled extraction buffer (350 at 48C. The repelleted cytoskeletal fraction (PEL minus
to 450 mg tissue in 15 mL) containing 0.1% Triton X-100, dissociated proteins plus proteins translocated from the
60 mmol/L Piperazine-N,N9-bis-(2-ethanesulfonic acid), respective SUP) and noncytoskeletal supernatant (SUP
2 mmol/L 1,2-cyclohexanediaminetetraacetic acid, 1 mmol/L plus dissociated proteins minus proteins translocated
ethylenediaminetetraacetic acid (EDTA), 1 mmol/L eg- into the respective PEL) were saved for further analysis.
tazic acid (EGTA), 100 mmol/L natriumchloride, 0.5 For the assessment of cytoskeletal injury, aliquots from
mmol/L phenylmethylsulfonyl fluoride, 0.75 mg/L leupep- C-PEL and I-PEL were incubated in their own C-SUP
tin, and 0.1 mmol/L dithiothreitol using a Potter-Elvehjem or I-SUP, respectively. In parallel, aliquots from I-PEL
homogenizer. The homogenate was centrifuged within were incubated in C-SUP.
10 to 15 minutes at 35,000 3 g for 14 minutes at 48C to To assess the in vitro repair, aliquots of the same I-PEL
separate the Triton-soluble supernatant protein fraction were incubated in both I-SUP and R-SUP. In parallel,
(SUP 5 noncytoskeletal) from the Triton-insoluble pel- aliquots from R-PEL were incubated in R-SUP.
leted fraction (PEL 5 cytoskeletal). As each kidney was For an assessment of HSP-70 translocation, aliquots of
homogenized in the same amount of extraction puffer, the same R-SUP were incubated with both I-PEL and
protein concentrations were stable and predictable. C-PEL under standard conditions. In parallel, aliquots from
PELs were resuspended in extraction buffer of half the the R-SUP were incubated with I-PEL under conditions
of enhanced adenosine 59-triphosphate (ATP) hydrolysis.volume of the original homogenate, resulting in similar
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Fig. 1. Methodological approach of the incubation procedures. Cellular proteins are fractionated into cytoskeletal pellets (PEL) and noncytoskeletal
supernatants (SUP) by Triton X-100 extraction of rat renal cortex obtained from controls (C), after renal ischemia (I) or after recovery from renal
ischemia (R). For assessment of ischemic injury, in vitro repair, and HSP-70 translocation, aliquots of isolated PEL were incubated in aliquots of
isolated SUP in different combinations. A repeat Triton extraction was performed, and differential Triton extractability of Na,K-ATPase or HSP-
70 was assessed by Western blots and densitometric analysis.
Separate experiments were performed with aliquots Biotechnologies, Victoria, British Columbia, Canada).
In parallel, 100 mL of I-PEL were either incubated infrom I-PEL incubated in various dilutions of R-SUP to
assess for dose–response relationships. 100 mL of R-SUP or in 100 mL of R-SUP with 50 mg of
anti–HSP-70 antibody (SPA810; Stressgen Biotechnolo-
Enhancement of ATP hydrolysis gies). This mixture was resuspended and incubated for
20 minutes at room temperature. Differential centrifuga-Standard experiments were performed under condi-
tions of no added ATP. In aliquots from repelleted I-PEL tion was then repeated with 35,000 3 g for 15 minutes
at 48C. Repelleted cytoskeletal fractions and dissociatedand C-PEL (after incubation with R-SUP), the effect of
enhancing HSP-70 activity was examined in parallel by supernatant fractions were saved for further analysis.
adding excess Mg-ATP (yielding a final concentration
Western analysisof 5 mmol/L) to promote ATP hydrolysis. Coomassie
blue staining demonstrated that these incubations did Protein concentration was assessed in duplicate in
each subfraction by Bradford analysis using bovine se-not result in nonspecific degradation of proteins in any
of the isolated subfractions. rum albumin (BSA) as a standard. Protein samples were
prepared at a 1 mg/1 mL concentration in sodium dodecyl
Purified HSP-70 or anti–HSP-70 antibodies sulfate (SDS) sample buffer (150 mmol/L Tris HCl, pH
7.5, 14% glycerol, 0.0025% bromphenol blue, 30 mmol/LIn four experiments, 100 mL of I-PEL were either incu-
bated in 100 mL of pure extraction buffer or in 100 mL of EDTA, pH 7.5, 10% SDS, 10% mercaptoethanole); 7.5 mg
of proteins were electrophoresed through 0.1% SDS-buffer with 10 mg of purified HSP-70 (SPP760; Stressgen
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7.5% polyacrylamide gel with 4% staking gel and were
electrophoretically transferred to nitrocellulose as pre-
viously described [5]. Nonspecific binding sites were
blocked overnight in 0.5% nonfat dry milk and were
washed, and membranes were incubated for one hour
with the primary antibodies against HSP-70 (Sigma
Chemical Co., St. Louis, MO, USA) and against the a
subunit of Na,K-ATPase (Upstate Biotechnology, Lake
Placid, NY, USA). Detection was accomplished with
secondary antibodies (Sigma) and enhanced chemilumi-
nescence (ECL) using the ECL Western blotting analysis
system and protocols (Renaissance; NEN-Life Science
Products, Boston, MA, USA).
Densitometric analysis was carried out by image analy-
sis software (Image Master Analysis Software; Amer-
sham Pharmacia Biotech, Uppsala, Sweden). For the
analysis of Western blots, calibration curves were con-
structed to determine the linearity of the ECL detection
system using serial loading of cellular protein fractions.
Light emission was proportional to protein loading in
the range of 3.75 to 15 mg of a given sample, indicating
that fourfold changes of distribution of HSP-70 or Na,K-
ATPase between soluble and insoluble fraction were
within the linear range.
Data analysis
Differential dissociation of Na,K-ATPase or translo-
cation of HSP-70 was derived from the ratio of specific
Fig. 2. Representative Western blot and densitometric analysis of in-immunodensitometric signals at three different exposures
creased Triton extractability of Na,K-ATPase from ischemia-injuredin the linear range of the protein/signal intensity relation- cytoskeletal protein fractions. Cytoskeletal pellets isolated from con-
ship, normalized to an internal standard, and compared trols or from ischemic rat renal cortex at early reflow were resuspended
in their own supernatant (C/C and I/I, respectively); another aliquot ofbetween parallel incubations in each experiment.
ischemic cytoskeletal pellet was resuspended in control supernatant
(C/I). These mixtures were incubated, and a repeat Triton extractionStatistics was performed. Statistical analysis from eight experiments confirmed
the increased Triton extractability of Na,K-ATPase from the ischemicThe Wilcoxan signed rank test was used to compare
cytoskeletal pellet (I/I), which was not altered by incubation in controldata on dissociation of Na,K-ATPase or translocation
supernatant (C/I). Data are shown as mean and standard error.
of HSP-70 between parallel incubations derived from
five to eight experiments. Data were considered to be
significantly different if P , 0.05. Changes are expressed
in this subfraction during the repeat Triton X-100 extrac-as mean and standard error. Dissociation of Na,K-ATPase
tion. Parallel incubation of aliquots of the same I-PELwas compared with translocation of HSP-70 by linear
in I-SUP and R-SUP resulted in higher Na,K-ATPaseregression analysis.
signals in the repelleted fraction and lower Na,K-ATPase
signals in the dissociated proteins after incubation in
RESULTS R-SUP compared with incubation in I-SUP (Fig. 3).
Repeat Triton X-100 extraction of I-PEL and C-PEL Incubation of I-PEL in R-SUP resulted in specific
resulted in significantly increased Triton extractability translocation of HSP-70 into the injured cytoskeletal pel-
of Na,K-ATPase from the ischemic cytoskeletal fraction, let (Fig. 4). Parallel incubation of aliquots of I-PEL and
which was not altered by incubation of I-PEL in C-SUP C-PEL in aliquots of the same R-SUP resulted in the
instead of I-SUP. Parallel incubation of aliquots of the appearance of a stronger HSP-70 signal in the repelleted
same I-PEL in I-SUP and C-SUP resulted in nondiscern- I-PEL fraction than in the repelleted C-PEL fraction.
ible Na,K-ATPase signals in the repelleted fraction and Altering ATP hydrolysis by adding excess Mg-ATP
in the dissociated protein fraction (Fig. 2). Altering ATP showed that preferential binding of HSP-70 to I-PEL
hydrolysis by adding excess Mg-ATP had no effects on depended on ATP hydrolysis and was abolished by en-
Triton extractability of Na,K-ATPase (data not shown). hanced ATP hydrolysis (HSP-70 abundance in C-PEL
did not change with altering ATP hydrolysis).Incubation of I-PEL in R-SUP preserved Na,K-ATPase
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Fig. 3. Representative Western blot and densitometric analysis of sta- Fig. 4. Representative Western blot and densitometric analysis of dif-
bilized Triton extractability of Na,K-ATPase in ischemia-injured cyto- ferential Triton extractability of HSP-70. Aliquots of HSP-rich superna-
skeletal protein fractions after coincubation with HSP-rich protein ex- tant are incubated with cytoskeletal pellets isolated during early reflow
tracts. Aliquots of ischemic cytoskeletal pellets are resuspended in after ischemia (R/I) or isolated from controls (R/C). Repeat Triton
parallel either in their own supernatant (I/I) or in HSP-rich supernatant extraction is performed under standard conditions or with enhanced
(R/I). These mixtures are incubated, and a repeat Triton extraction ATP-hydrolysis (1ATP). Statistical analysis from six experiments con-
is performed. Statistical analysis from six experiments confirms the firms the specific ATP-dependent preferential translocation of HSP-70
stabilization of Na,K-ATPase in the ischemic cytoskeletal pellet after into the I-PEL. Data are shown as mean and standard error.
incubation in R-sup (R/I) comparable to that after in vivo recovery
(R/R). Data are shown as mean and standard error.
Protein analysis of PEL and SUP (consisting of PEL
minus dissociated proteins plus proteins translocatedThere was a clear dose–response relationship between
from SUP or the reverse, respectively) by Coomassietranslocation of HSP-70 and stabilization of Na,K-ATPase
stain showed no overall discernible differences between(y 5 20.78x 1 2.8, r 5 0.88, N 5 21, P , 0.01; Fig. 5).
the repelleted aliquots of I-PEL, regardless of the previ-Incubation of I-PEL with purified HSP-70 reproduced
ous incubation in R-SUP, I-SUP or C-SUP, making ma-whereas the addition of anti–HSP-70 antibody abolished
jor unspecific protein interactions unlikely (Fig. 7).the effects of R-SUP on cytoskeletal stabilization of
Na,K-ATPase. Parallel incubation of aliquots of the
same I-PEL in the pure buffer or in the buffer with
DISCUSSIONadded purified HSP-70 resulted in higher Na,K-ATPase
This study describes a functional in vitro repair assay,signals in the repelleted fraction and lower Na,K-ATPase
measuring changes of Triton extractability of Na,K-signals in the dissociated fraction with added HSP-70.
ATPase after coincubation of isolated cytoskeletal andAnalogously, parallel incubation of aliquots of the same
noncytoskeletal cellular protein fractions obtained fromI-PEL in R-SUP or in R-SUP with added anti–HSP-70
rat renal cortex at different reflow times after in vivoantibodies resulted in lower Na,K-ATPase signals in the
renal ischemia.repelleted fraction and higher Na,K-ATPase signals in
Detergent extraction by Triton X-100 fractionates thethe dissociated fraction with added anti–HSP-70 anti-
bodies (Fig. 6). cellular pool of Na,K-ATPase into an insoluble, cytoskel-
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Fig. 5. Dose–response curve between stabili-
zation of Na,K-ATPase in ischemic cytoskele-
tal pellets (I-PEL) after incubation in various
titers of HSP-rich noncytoskeletal supernatants
(R-SUP). There is a significant dose-depen-
dent in vitro repair effect with an inverse cor-
relation between levels of Triton-extractable
Na,K-ATPase and the amount of pelleted
translocated HSP-70. Each data point was de-
fined by at least four experiments and is shown
as mean and standard error (y 5 20.78x 1 2.8;
r 5 0.88; N 5 21; P , 0.001).
etal associated pellet and a soluble noncytoskeletal, dis-
sociated supernatant. The distribution of Na,K-ATPase
between pellet and supernatant in rat renal cortex has
been shown to represent an accurate and reproducible
marker for tubule cell injury after in vivo ischemia [2, 5].
The increased Triton extractability of Na,K-ATPase after
renal ischemia was fully reversible during recovery. Dur-
ing that recovery period, transcription of Na,K-ATPase
and of other cytoskeletal elements was reduced, even
when compared with the overall decreased transcription
rate [10]. It thus appears that dissociated and displaced
Na,K-ATPase subunits are most likely recycled by a
post-translational mechanism.
Particularly attractive candidates for such cellular re-
pair mechanisms are members of the family of the HSPs.
HSPs are characterized by their induction by different
stressful cellular conditions and are grouped in families
according to their molecular weight [6, 7]. Organisms
and tissues that overexpress HSP are more resistant, and
those in which HSP expression is suppressed are more
sensitive to cellular stress. In intact organisms and cellu-
lar systems, increased abundance of HSP thus confers
improved cellular repair and/or cellular resistance. The
in vitro ability of HSP to reactivate isolated denatured
Fig. 6. Representative Western blot and densitometric analysis demon- proteins has also been previously demonstrated in sub-
strating the effects of purified HSP-70 or anti–HSP-70 antibodies on
cellular systems [8, 9]. Incubation of denatured luciferaseTriton extractability of Na,K-ATPase in ischemia-injured cytoskeletal
protein fractions. In four experiments, I-PEL was either incubated in or citrate synthase with HSP-70 or with total cellular
pure extraction buffer (P/I) or in buffer with purified HSP-70 (P1HSC/I). (reticulocyte) HSP-rich lysates resulted in significant inIn parallel, I-PEL was either incubated in R-SUP (R/I) or in R-SUP
vitro repair, readily quantifiable by gain of function.with anti-HSP-70 antibody (R1Ab/I). These mixtures were incubated,
and a repeat Triton extraction was performed. Densitometric analysis In the present study, cellular protein subfractions of
shows that incubation of I-PEL with purified HSP-70 (P1HSC/I) repro-
rat renal cortex were isolated either early or late duringduces, whereas addition of anti–HSP-70 (R1Ab/I) antibody abolishes
effects of R-SUP (R/I) on cytoskeletal stabilization of Na,K-ATPase. postischemic reflow, exhibiting either severe injury or
completed repair of the cytoskeletal anchorage of Na,K-
ATPase. Our results show that coincubation of such frac-
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Fig. 7. Coomassie stain of Triton soluble noncytoskeletal supernatants and insoluble cytoskeletal pellets of rat renal cortex obtained at different
reflow after in vivo renal ischemia and after various coincubations and repeat Triton extraction. In contrast to the marked changes in the specific
signals of Na,K-ATPase and HSP-70, there are no discernible changes in the overall protein distribution, making unspecific aggregations or
degradation processes in the in vitro repair assay unlikely.
tions results in marked translocation of ischemia-induced copy, the postischemic localization of HSP-70 showed a
granular pattern that paralleled the distribution of dislo-HSP-70 from the supernatant into the injured cytoskele-
tal pellet. Molecular chaperones such as HSP-70 are cated Na,K-ATPase after renal ischemia [4, 10]. Finally,
using the effects of ATP hydrolysis on HSP-70 function,known to bind specifically to hydrophobic sites of dena-
tured proteins [5–9]. In agreement, HSP-70 showed a we recently found evidence for interactions between
Na,K-ATPase and HSP-70: A denatured protein-richstronger affinity to the cytoskeletal proteins isolated after
ischemic injury than to those isolated from controls. cellular subfraction was isolated from rat renal cortex
after ischemia at an “intermediate” reflow time of twoHSP-70 are also known to undergo a conformational
change with ATP hydrolysis, which results in release of hours. At that time, HSP-70 was already markedly in-
creased, but the increased extractability of Na,K-ATPasethe protein substrate [5–9]. In agreement, the preferen-
tial binding of HSP-70 to its cytoskeletal substrate within was not yet completely reversed. Enhancing ATP hydro-
lysis (and thus HSP-70 function) in vitro resulted in thethe injured pellet was almost completely abolished by
enhancing ATP hydrolysis during the incubation period. release of ischemia-induced HSP-70 and in the stabiliza-
tion of Na,K-ATPase [5]. These findings convinced usThese observations strongly support specific binding of
HSP-70 to cytoskeletal structures disrupted by ischemic that isolated subcellular protein fractions of rat renal
cortex might represent a useful tool to study recoveryinjury as the cause for its translocation into the Triton-
insoluble protein fraction. of the cytoskeletal anchorage of Na,K-ATPase.
In the present study, coincubation of injured cytoskel-This protein fraction is known to contain the frag-
mented actin cytoskeleton, disrupted Na,K-ATPase, and etal pellet in HSP-rich supernatant resulted not only in
translocation of HSP-70 but also in a marked stabiliza-other injured cytoskeletal elements, which are able to bind
to each other under control conditions [1]. If there were tion of Na,K-ATPase. The molecular mechanism for this
in vitro repair was not assessed in our system. However,such functional interactions between ischemia-induced
HSP and elements of the ischemia-injured cytoskeletal only coincubation with the HSP-rich supernatant, but
not with control supernatant, resulted in stabilization offraction, repair of disrupted proteins by molecular chap-
erons such as HSP-70 should result in stabilization of Na,K-ATPase. Moreover, stepwise dilution of the HSP-
rich supernatant resulted in stepwise loss of its reparativethe cytoskeletal anchorage of Na,K-ATPase. In previous
studies, HSP-70 accumulated during in vivo recovery at effects, consistent with a clear dose–response relation-
ship. Thus, our data strongly suggest the existence ofa similar time course as the increased Triton extractabil-
ity of Na,K-ATPase was reversed [5]. In confocal micros- one or several postischemically activated or newly syn-
Bidmon et al: HSP-70 and cellular repair 2407
thesized “factors” in the supernatant isolated during later ACKNOWLEDGMENTS
reflow. At the level of protein expression, such a defini- This work was supported by P12512-MED from the Austrian Sci-
tion is consistent with the operational definition of HSP. ence Foundation. We are grateful to S.K. Van Why, N.J. Siegel, M.
Kashgarian, H. Regele, and L. Greenbaum for critical and helpful discus-However, the nonspecific nature of our in vitro system
sions and support. We are grateful to G. Thulin for technical support.does not exclude the possibility that the stabilization of
Na,K-ATPase might have been caused by activation or Reprint requests to Prof. Dr. Christoph Aufricht, Kinderdialyse, Uni-
inactivation of constitutively expressed proteins in the versita¨tsklinik fu¨r Kinder- und Jugendheilkunde, AKH Wien, Wa¨hringer
Gu¨rtel 18-20, A-1090 Wien, O¨sterreich.supernatant obtained during later reflow.
E-mail:christoph.aufricht@akh-wien.ac.atIf HSP-70 constitutes an essential factor of this HSP-
rich supernatant for the observed in vitro repair, this effect
REFERENCESshould be significantly influenced by purified HSP-70
and/or anti–HSP-70 antibodies. In agreement, incuba- 1. Siegel NJ, Devarajan P, Van Why SK: Renal cell injury: Meta-
bolic and structural alterations. Invited Review. Pediatr Res 36:129–tion of injured cytoskeletal pellet in purified HSP-70 was
136, 1994indeed able to reproduce the effect of the whole HSP-
2. Molitoris BA, Dahl R, Geerdes A: Cytoskeletal disruption and
rich supernatant such as translocation of HSP-70 in the apical redistribution of proximal tubule Na/K-ATPase during is-
chemia. Am J Physiol 263:F488–F495, 1992pellet and stabilization of Na,K-ATPase. Analogously,
3. Molitoris BA: New insights into the cell biology of ischemic acutethe addition of anti–HSP-70 antibody significantly re-
renal failure. J Am Soc Nephrol 1:1263–1270, 1991
duced these stabilizing effects. Our findings thus clearly 4. Van Why SK, Hildebrandt F, Ardito T, Mann AS, Siegel NJ,
establish an essential role for HSP-70, at least in an in Kashgarian M: Induction and intracellular localization of HSP-
72 after renal ischemia. Am J Physiol 263:F769–F775, 1992vitro repair system, and supports the hypothesis that
5. Aufricht C, Lu E, Thulin G, Kashgarian M, Siegel NJ, VanHSP-70 interacts with cytoskeletal elements during the Why SK: ATP releases HSP-72 from protein aggregates after renal
repair of cellular polarity after renal ischemia. ischemia. Am J Physiol 274:F268–F274, 1998
6. Morimoto RI, Tissieres A, Georgopoulos C: The Biology of HeatSuch HSP-70–mediated repair mechanisms are in good
Shock Proteins and Molecular Chaperons. New York, Cold Springagreement with recent data in intact cellular systems. In
Harbor Laboratory Press, 1994, pp 1–594
cultured renal tubule cell lines, pretreatment with heat 7. Minowada G, Welch WJ: Clinical implications of the stress re-
or, more recently, transfection with HSP-70 conferred sponse. J Clin Invest 95:3–12, 1995
8. Skowyra D, Georgopoulos C, Zylicz M: The E coli DNA K genecytoprotection against stress [11, 12]. In in vivo rat mod-
product, the HSP 70 homolog, can reactivate heat-inactivated RNAels, ischemic or heat pretreatment either improved un- polymerase in an ATP hydrolysis-dependent manner. Cell 62:939–
specific scores of vitality or function, or preserved sodium 944, 1990
9. Ziemienowicz A, Zylicz M, Floth C, Hubscher U: Calf Thymusreabsorption after ischemic injury, which is suggestive of
Hsc70 protein protects and reactivates prokaryotic and eucaryoticbetter preservation of renal tubular cell polarity [13, 14].
enzymes. J Biol Chem 270:15479–15484, 1995
Although our study selectively investigated HSP-70, 10. Van Why SK, Mann AS, Ardito T, Siegel NJ, Kashgarian M:
in vivo ischemia results in the induction of several HSP Expression and molecular regulation of Na1-K1-ATPase after re-
nal ischemia. Am J Physiol 267:F75–F85, 1994families, and our results do not exclude their respective
11. Borkan SC, Wang YH, Lieberthal W, Burke PR, Schwartz JH:roles during cellular recovery in the renal cortex after Heat stress ameliorates ATP depletion-induced sublethal injury
an ischemic insult [15–17]. Future studies in transgenic in mouse proximal tubule cells. Am J Physiol 272:F347–F355, 1997
12. Turman MA, Rosenfeld SL: Heat shock protein 70 overexpres-animals might provide further insights in the role of
sion protects LLC-PK1 tubular cells from heat shock but not hyp-selective in vivo HSP-70 overexpression during the re-
oxia. Kidney Int 55:189–197, 1999
pair of cellular polarity after renal injury [18]. 13. Zager RA, Iwata M, Burkhart KM, Schimpf BA: Post-ischemic
In summary, our study describes an in vitro repair sys- acute renal failure protects proximal tubules from O2 deprivation,
possibly by inducing uremia. Kidney Int 45:1760–1768, 1994tem, based on differential Triton extractability of cellular
14. Joannidis M, Cantley LG, Spokes K, Medina R, Pullman J,proteins isolated from rat renal cortex. Coincubation of Rosen S, Epstein FH: Induction of heat-shock proteins does not
cytoskeletal proteins obtained during early reflow after prevent renal tubular injury following ischemia. Kidney Int 47:1752–
1759, 1995renal ischemia (exhibiting severe injury of the cytoskele-
15. Schober A, Mu¨ller E, Thurau K, Beck FX: The response oftal anchorage of Na,K-ATPase) and noncytoskeletal
heat shock proteins 25 and 72 to ischaemia in different kidney
proteins obtained during later reflow (showing high HSP zones. Pflu¨gers Arch 434:292–299, 1997
expression) resulted in specific translocation of HSP-70 16. Aufricht C, Ardito T, Thulin G, Kashgarian M, Siegel NJ,
Van Why SK: Heat-shock protein 25 induction and redistributionfrom the noncytoskeletal supernatant into the cytoskele-
during actin reorganization after renal ischemia. Am J Physioltal pellet, functionally associated with dose-dependent 274:F215–F222, 1998
stabilization of Na,K-ATPase. These effects could be 17. Morita K, Wakui H, Komatsuda A, Ohtani H, Miura AB, Itoh
H, Tashima Y: Induction of heat-shock proteins HSP73 and HSP90reproduced by purified HSP-70 and were abolished by
in rat kidneys after ischemia. Ren Fail 17:405–419, 1995anti–HSP-70 antibodies. This functional assay represents
18. Yellon DM, Baxter GF, Garcia Dorado D, Heusch G, Sumeray
a system for in vitro manipulation on cellular repair after MS: Ischaemic preconditioning: Present position and future direc-
tions. Cardiovasc Res 37:21–33, 1998in vivo renal ischemia.
